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ABSTRACT 
Sur face  t e n s i o n  f o r c e s  a t  t h e  edges o f  a t h i n  
l i q u i d  (dlOOpni)  sheet f l o w  r e s u l t  i n  a t r i a n -  
g u l a r l y  shaped sheet .  Such a geornetry i s  i d e a l  
for-  an e x t e r n a l  f l o w  r d d i a t o r .  The cxper i inen- 
t a l  i n v e s t i g a t i o n  o f  such sheet f l ows  has been 
ex tended t o  l a r g e  sheets  ( w i d t h =  W =23.5ciit, 
lenqtt i= l .z3.5m).  Exper i inen la l  I./w r e s u l t s  a r e  
!Ireatc?r than the  c a l c i i l e i t r ? t l  r e s u l t s .  1 . 1 0 ~ -  
ever ,  i w r e  exper imen ta l  r e s u l t s  a r e  necessary  
f o r  a comple te  compdrison. The c a l c u l a t e d  
e m i s s i v i t y  o f  a sheet  o f  Dow-Corning 705 s i l i -  
cone o i l ,  wh ich  i s  a low tempera ture  (300-400K) 
c a n d i d a t e  f o r  a l i q u i d  sheet  r a d i a t o r  (LSR), i s  
g r e a t e r  than .8 f o r  sheet  t h i cknesses  g r e d t e r  
t han  l o o p .  
1. I n t r o d u c t i o n  
The l i q u i d  sheet  r a d i a t o r  (LSR) i s  an e x t e r n a l  
f l o w  r a d i a t o r  s i m i l a r  i n  seve ra l  ways t o  o t h e r  
e x t e r n a l  f l ow  r a d i a t o r s  such as t h e  l i q u i d  
d r o p l e t  [l] (LDR) and l i q u i d  b e l t  [ 2 ]  r a d i a -  
t o r s .  A l l  o f  t hese  r a d i a t o r  concepts  po ten-  
t i a l l y  have lower  mass than  s o l i d  w a l l  r a d i a -  
t o r s  such as pumped loop  and hea t  p i p e  r a d i a -  
t o r s .  They a r e  a l s o  n e a r l y  immune t o  microme- 
t e o r o i d  p e n e t r a t i o n .  However, t h e  LSR has t h e  
added advantage o f  s i m p l i c i t y .  Su r face  t e n s i o n  
causes a t h i n  ( - 1 0 0 ~ )  l i q u i d  sheet  t o  c o a l -  
esce t o  a p o i n t  ( F i g u r e  1 ) .  As a r e s u l t ,  t h e  
sheet  f l o w  has a t r i a n g u l a r  shape, Such a tr i- 
angu la r  sheet  i s  d e s i r a b l e  s i n c e  i t  a l l o w s  
c o l l e c t i o n  o f  t h e  f l o w  a t  a s i n g l e  p o i n t .  To 
o b t a i n  a s i m i l a r  t r i a n g u l a r  a rea  f o r  $he LDR 
r e q u i r e s  v e r y  accu ra te  a im ing  o f  many (10 - lo6 
d r o p l e t  streams. S i m p l i c i t y  o f  t h e  LSR shou ld  
a l s o  r e s u l t  i n  lower  mass f o r  t h e  LSR compared 
t o  t h e  LDR and l i q u i d  b e l t  r a d i a t o r s .  
A ma jor  p rob lem f o r  a l l  e x t e r n a l  f l o w  r a d i a t o r s  
i s  t h e  requ i remen t  t h a t  t h e  w o r k i n g  f l u i d  be o f  
v e r y  low (# lo -8  TORR) vapor p r e s s u r e  i n  o r d e r  
t o  keep e v a p o r a t i v e  l osses  low. As a r e s u l t ,  
wo rk ing  f l u i d s  a r e  l i m i t e d  t o  c e r t a i n  o i l s  
(such as used i n  d i f f u s i o n  pumps) f o r  low 
tempera tures  (300-400K) and 1 i q u i d  me ta l s  f o r  
h i g h e r  te inpcrd tures  [l]. Also,  f o r  t h e  LSI I  t o  
becoine a p r a c t i c a l  d e v i c e  l a r g e  (W-litt i n  f i g u r e  
1 )  sheet  f l o w s  must be ma in ta ined .  I t  i s  
t h e r e f o r e  necessary  t o  unders tand t h e  f l i r i d  
i i lechanics o f  l a r g e  sheet  f lows.  
I n  the  p a s t  o n l y  s ina l l  ( w s  3.4 cin) sheet  f l ows  
hdve been i n v e s t i g a t e d  [3]. The ma jo r  c o n c l u -  
s i o n s  o f  t h a t  s tudy  were t h a t  t h e  sheet  l e n g t h  
t o  w i d t h  r a t i o ,  L/W, was a l i n e a r  f u n c t i o t i  o f  
t h e  f l o w  v e l o c i t y  and t h a t  t h e  f l o w  was s t a b l e .  
S t a b i l i t y  o f  t h e  f l o w  may seem s u r p r i s i n g  s i n c e  
s u r f a c e  t e n s i o n  dominated c y l i n d r i c a l  f l o w  
breaks  up i n t o  d r o p l e t s  as a r e s u l t  o f  t h e  
R a y l e i g h  i n s t a b i l i t y  [4]. However, sheet  f l ows  
remained s t a b l e  even when a c o u s t i c  o s c i l l a t i o n s  
were i n t r o d u c e d  i n  t h e  f l o w  [3] .  
A new f a c i l i t y  now makes i t  p o s s i b l e  t o  i n v e s -  
t i g a t e  l a r g e r  ( W c 2 3 . 5  cm) sheet  f l o w s .  The 
inajor o b j e c t i v e  o f  t h i s  s t u d y  i s  t o  de termine 
t h e  L/W s c a l i n g  f o r  t hese  l a r g e  sheets.  A l s o  
a t h e o r e t i c a l  p r e d i c t i o n  f o r  L/W s c a l i n g  w i l l  
be compared w i th  t h e  exper imen td l  r e s u l t s .  F i -  
n a l l y  t h e  e m i s s i v i t y  o f  Dow-Corning 705 o i l  i s  
c a l c u l a t e d  f r o m  exper imen ta l  t r a n s m i t t a n c e  da ta .  
2. T h e o r e t i c a l  L / W  S c a l i n g  
F i g u r e  1 i s  a schemat ic  d rawing  o f  a l i q u i d  
sheet  f l o w .  Su r face  t e n s i o n  f o r c e s  a t  t h e  two 
edges o f  t h e  sheet  push t h e  edges toward  t h e  z 
a x i s .  As a r e s u l t ,  as t h e  f l o w  moves i n  t h e  z 
d i r e c t i o n  t h e  edge c r o s s - s e c t i o n a l  area, A,, 
grows. I n  o r d e r  t o  s a t i s f y  mass c o n t i n u i t y  t h e  
edges approach each o t h e r  and f i n a l l y  meet a t  
t h e  p o i n t  z = L. 
I n  a p r e v i o u s  a n a l y s i s  [3 ]  i t  was assumed t h a t  
t h e  edge c r o s s - s e c t i o n a l  areas, A,, were c y l -  
i n d e r s .  However, i t  i s  n o t  necessary  t o  make 
t h i s  assumption t o  c a l c u l a t e  t h e  v e l o c i t y , u e ,  
a t  wh ich  t h e  edges approach t h e  z a x i s .  R e f e r -  
r i n g  t o  f i g u r e  l ( b )  and n e g l e c t i n g  any c u r v a -  
t u r e  of  t h e  sheet  i n  t h e  y -z  p lane,  t h e  s u r f a c e  
t e n s i o n  f o r c e  on t h e  i n f i n i t e s i m a l  s u r f a c e  area  
d l d z  i s  
1 
where Q , i s  t h e  s u r f a c e  t e n s i o n  and Rc i s  
t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  l i qu id -vacuum 
i n t e r f a c e .  The component o f  t h e  f o r c e  i n  t h e  x 
d i r e c t i o n  i s  
CT CT 
dFx = - - sin0 dl dz = - - dy dz ( 2 ) 
R C  R C  
and t h e  r a d i u s  o f  c u r v a t u r e  i s  t h e  f o l l o w i n g .  
- d2Y 
1 dx2  
Where y (x )  i s  t h e  l o c a t i o n  O F  t h e  vacuum- l i qu id  
boundary. S u b s t i t u t i n g  eg. ( 3 )  i n  ( 2 )  and lhen  
i n t e g r a t i n g  ove r  t h e  s u r f a c e  frori i y = 0 t o  y 
= 2 / 2  w i l l  y i e l d  1 /2  t h e  x d i r e c t i o n  f o r c e  on 
t h e  sheet  edge. There fore ,  t h e  t o t a l  edge 
f o r c e  i n  t h e  x d i r e c t i o n  pe r  u n i t  l e n g t h  i n  t h e  
z d i r e c t i o n  i s  t h e  f o l l o w i n g .  
r %  
6 
* y2dY ( 4 )  
(1+Y ) 
0 2  
blhere, y = %  and is- d y  Making t h e  s u b s t i -  
dx dx2' 
t u t i o n  u = y i n  eg. ( 4 )  y i e l d s ,  
so t h a t ,  
dF 2 = 20 
dz 
The s i g n i f i c a n c e  o f  t h i s  r e s u l t  i s  t h a t  dFx 
i s  independent o f  t h e  c r o s s - s e c t i o n a l  shape o f  
t h e  sheet.  It a p p l i e s  as l o n g  as t h e  edge 
c r o s s - s e c t i o n  has an i n f i n i t e  s l o p e  a t  t h e  edge 
and zero  s lope  where i n  j o i n s  t h e  main sheet.  
The x d i r e c t i o n  f o r c e  g i v e n  by  eq. ( 6 )  can  be 
used i n  t h e  i n t e g r a t e d  momentum e q u a t i o n  f o r  
t h e  c o n t r o l  volume, d e f i n e d  by  t h e  l e f t  edge i n  
f i g u r e  l ( b ) ,  t o  o b t a i n  t h e  sheet edge v e l o c i t y ,  
I1 e. 
2 G  
dz pzu, = -x 
There fo re ,  
( 7 )  
T h i s  r e s u l t  shows t h a t  Ue w i l l  be c o n s t a n t  i f  
t h e  sheet  th i ckness ,  't , remains c o n s t a n t .  I n  
t h e  absence o f  g r a v i t y  i t  can be shown t h a t  T 
i s  a c o n s t a n t  and t h a t  t h e  sheet v e l o c i t y  i n  
the  z d i r e c t i o n ,  wo, w i l l  a l s o  be a c o n s t a n t .  
With b o t h  Ue and wo c o n s t a n t  t h e  f l o w  w i l l  
f o r m  a t r i a n g u l a r  sheet,  wh ich  agrees w i t h  
e x p e r i i w n t a l  r e s u l t s .  
Fo r  no g r a v i t y  f o r c e  t h e  sheet  f l o w  w i l l  c o a l -  
esce t o  a p o i n t  a t  d i s t a n c e  z = L i n  t h e  t ime,  
t ~ ,  i t  takes  t h e  sheet  edge t o  imve t h e  d i s -  
t ance W / Z .  
(9) 
There fo re ,  t h e  sheet  l eng th ,  L, i s  t h e  
f o l l o w i n g ,  
L = WOtL = (10)  
and 
where We i s  t h e  Weber number. 
(12 )  
P ' t 4  We 3 -
(T 
Equa t ion  (11 )  says t h a t  i n  t h e  absence o f  
g r a v i t y  L / W  depends o n l y  on t h e  Weber num- 
be r .  Also,  f o r  a g i v e n  sheet  th i ckness ,  L / W  
i s  a l i n e a r  f u n c t i o n  o f  t h e  sheet  v e l o c i t y ,  
wo. I n  t h e  exper iments  per fo rmed so f a r  t h e  
g r a v i t y  f o r c e  has been i n  t h e  d i r e c t i o n  o f  t h e  
f l o w  ( z  d i r e c t i o n ) .  The impor tance o f  t h e  
g r a v i t y  f o r c e  [ 3 ]  i s  de termined by  t h e  Froude 
number, ( F r  = 2/y, i n  r e f .  3 )  
2 
Fr = - WO (13)  gw 
I f  F r  i s  l a r g e  t h e n  t h e  g r a v i t y  f o r c e  w i l l  have 
n e g l i g i b l e  e f f e c t  on t h e  sheet  f l o w .  F o r  a l l  
2 
t h e  exper iments  c a r r i e d  o u t  so f a r ,  F r>50.  
There fore ,  e q u a t i o n  (11 )  shou ld  be adequate t o  
p r e d i c t  t he  L / W  s c a l i n g  f o r  t h i s  s tudy .  
3. Exper imenta l  R e s u l t s  
A schematic o f  t h e  new exper imen ta l  f a c i l i t y  
i s  shown i n  f i g u r e  2. It c o n s i s t s  o f  a 30 cm 
i n n e r  d iameter  s t a i n l e s s  s t e e l  p i p e  3.5 in 
long.  The a x i s  o f  t h e  p i p e  i s  a l i g n e d  w i t h  t h e  
g r a v i t y  f i e l d .  Vacuum c o n d i t i o n s  e x i s t  i n s i d e  
t h e  p i p e  w i t h  t h e  p ressu re  l e s s  t h a n  
TORR. A t  t hese  c o n d i t i o n s  t h e r e  w i l l  be n e g l i -  
g i b l e  aerodynamic d rag  on t h e  sheet  f l o w .  Flow 
of Dow Corn ing  705 s i l i c o n e  o i l ,  ( yT =3x10-2 
secZ/cm3), t h rough  t h e  narrow s l i t s  i s  
ma in ta ined  by  p r e s s u r i z i n g  a 40 g a l l o n  r e s e r -  
v o i r  w i t h  n i t r o g e n .  ( N i t r o g e n  gas i s  separa ted  
fruin t h e  o i l  by a diaphragm t,o p reven t  gas 
e n t e r i n g  t h e  o i l . )  The des ign  o f  t h e  s l i t s  I S  
shown i n  f i g u r e  3. A l e n g t h  t o  w i d t h  ratio,JI 
/ W  = 7, was chosen t o  assure  t h a t  f u l l y  deve l -  
oped lam ina r  f l o w  would r e s u l t .  
The f l o w  v e l o c i t y ,  wo, was de ter in ined froin 
the  measured v o l u i n e t r i c  f l o w  r d t e ,  0, 
( d / s e c ) .  
Q w o =  - 
TW 
Flow r a t e s  were de termined by measur ing t h e  
p ressu re  drop  across  a c a l i b r a t e d  o r i f i c e  i n  
t h e  supp ly  l i n e  t o  t h e  s l i t s .  
A t  t h i s  t i m e  o n l y  two s l i t s  have been i n v e s -  
t i g a t e d  i n  t h e  l a r g e  f a c i l i t y .  Bo th  s l i t s  have 
a w id th ,  W = 23.5 cm. One s l i t  has a t h i c k -  
ness, ~ = 1 5 0 p ,  and t h e  o t h e r  has a t h i c k n e s s  T 
= 200prn. The f a c i l i t y  has windows a t  t h e  t o p  
and bo t tom o n l y .  The re fo re ,  t h e  s l i t  l eng th ,  
L, c o u l d  be de termined o n l y  f o r  f l o w s  t h a t  went 
t h e  l e n g t h  ( -3 .5  m) o f  t h e  f a c i l i t y .  A t e l e -  
v i s i o n  camera on a t r a n s l a t i n g  t a b l e  i s  now 
b e i n g  i n s t a l l e d  i n  t h e  f a c i l i t y .  T h i s  w i l l  
a l l o w  t h e  measurement o f  a l l  p o s s i b l e  f l o w  
l e n g t h s .  
F i g u r e  4 shows t h e  sheet f l o w  produced by  a W = 
3.4 cm and z =  109pm s l i t .  As can be seen t h e  
sheet i s  t r i a n g u l a r .  The Froude number f o r  
t h i s  case i s  370, so t h a t  t h e  g r a v i t y  e f f e c t  i s  
n e g l i g i b l e .  The re fo re ,  eq. ( 8 )  i n d i c a t e s  t h a t  
t h e  sheet edge v e l o c i t y ,  ue, and t h e  f l o w  
v e l o c i t y ,  wo shou ld  be c o n s t a n t .  Wi th  Ue 
and two b o t h  c o n s t a n t  t h e  p r e d i c t e d  sheet 
shape i s  t r i a n g u l a r ,  which i s  i n  agreement w i t h  
t h e  exper imen ta l  r e s u l t s .  W i th  c l o s e  inspec-  
t i o n  o f  f i g u r e  4 t h e  growth  o f  t h e  sheet  edge 
area, A,, can be seen. 
I n  f i g u r e  5 t h e  exper imen ta l  r e s u l t s  f o r  L/W 
a r e  p l o t t e d  as a f u n c t i o n  o f  Weber number f o r  
t h r e e  s l i t  w i d t h s  ( W  = 2.54 cm, 3.42 cm, and 
23.5 cm). A l so  shown i s  t h e  a n a l y t i c a l  r e s u l t  
3 
g i v e n  by  e q u a t i o n  (11 ) .  The exper imen ta l  L/W 
r e s u l t s  a r e  l a r g e r  t h a n  t h e  p r e d i c t e d  va lues .  
P a r t  o f  t h e  d i f f e r e n c e  can be accolJnted f o r  by  
t h e  g r a v i t a t i o n a l  e f f e c t .  The g r a v i t y  f o r c e ,  
which i s  n e g l e c t e d  i n  e q u a t i o n  ( l l ) ,  causes an 
i n c r e a s e  i n  L. O f  t h e  d a t a  shown i n  f i g u r e  5 
t h e  p o i n t  a t  We ~ 9 7 0  has t h e  s m a l l e s t  Froude 
number ( F r  =70) .  The re fo re ,  t h e  l a r g e s t  d i s -  
c repancy  i s  expec ted  f o r  t h i s  p o i n t .  More d a t a  
f o r  We>400 w i l l  be  o b t a i n e d  i n  t h e  near  f u t u r e .  
4. Sheet E m i s s i v i t y  
I n  r e f e r e n c e  3 t h e  f o l l o w i n g  exp ress ion  i s  
g i v e n  f o r  t h e  s p e c t r a l  emi t tance,  o f  an 
i n f i n i t e  sheet.  
Ex= 1 - T k =  1 - 2E3(;-lkT) 
Where T k  i s  t h e  s p e c t r a l  t ransmi t tance ,  i s  
t h e  a b s o r p t i o n  c o e f f i c i e n t  and E3(x )  i s  t h e  
e x p o n e n t i a l  i n t e g r a l .  
The t o t a l  hemispher i ca l  e m i s s i v i  ty i s  d e f i n e d  
as t h e  f o l l o w i n g  [6] ,  
where e k b  i s  t h e  b l a c k  body hemispher i ca l  
s p e c t r a l  em iss i ve  power [ 6 ] ,  T i s  t h e  
tempera ture ,  h i s  t h e  wavelength,  and i s  
t h e  S t  fan-Bol tzmann c o n s t a n t  (5.67 x 10-3 
Fo r  t h e  tempera tu re  range  (300-400K) where t h e  
s i l i c o n e  o i l s  can be used elb-+() f o r  h44 m 
and a l s o  f o r  h.70 m. The re fo re ,  t o  c a l c u -  
l a t e  E i t  i s  necessary  t o  know aA o n l y  i n  t h e  
wave length  r e g i o n  4< h C 70 p m .  Bo th  s p e c t r a l  
em i t tance  and t r a n s m i t t a n c e  o f  t h i n  f i l m s  o f  
t h e  s i l i c o n e  o i l s  have been measured i n  t h i s  
wave length  r e g i o n  [7,8]. T ransmi t tance  d a t a  
f o r  a 1 0 0 ~  t h i c k  f i l m  o f  Dow-Corning 705 taken 
froin r e f .  7 a r e  reproduced i n  f i g u r e  6a. To 
e s t i m a t e  E f o r  Dow 705 t h e  s p e c t r a l  emi t tance,  
( o r  t rans in i  ttance,z;l) was approx imated as 
be ing  c o n s t a n t  i n  n i n e  d i f f e r e n t  wavelength 
r e g i o n s  as shown i n  f i g u r e  6b. Fo r  3005T<400 K 
t h e  maximum va lue  o f  e k b  occurs  i n  t h e  
8 . 5 5  h -C 10.5 r e g i o n  where &k-+1.0. There- 
f o r e ,  a l a r g e  v a l u e  of  E can be expec ted  i n  t h e  
3 0 0 5  T 5 400K r e g i o n .  To make t h e  e s t i m a t e  
of E c o n s e r v a t i v e  an a r b i t r a r y  va lue  o f  Ek=.99 
was chosen i n  t h e  r e g i o n s  where E k - + 1 ,  and 
f o r  h < 5 j u n  andX>50 pm was a r b i t r a r -  
wat ts /m f K4).  
i l y  chosen. Us ing  t h e  s p e c t r a l  em i t tance  
approx imat ions  shown i n  f i g u r e  6b t h e  absorp- 
t i o n  c o e f f i c i e n t ,  a, , was c a l c u l a t e d  u s i n g  
equa t ion  (15)  f o r  each o f  t h e  n i n e  wavelength 
r e g i o n s .  These va lues  a re  shown i n  f i g u r e  6b. 
The e m i s s i v i t y  can t h e n  be c a l c u l a t e d  u s i n g  
equa t ion  (17)  and t h e  t a b u l a t i o n  o f  4j.i.. 
SJ 
g i v e n  i n  r e f e r e n c e  6.  T h i s  l eads  t o  t h e  
f o l l o w i n g  r e s u l t s :  
,022 + .071E3(.0057~) + .211E3(.0129~) 
+ ,579Ed.035~) + .095Ej .016~)  (18a)  I 
T=3001: 
,045 + ,161Ej.0057~) + .255Ej.0129~) 
i ( 1 8 b )  
+ .4331$.035~) + . 0 7 1 ~ ~ ~ . 0 1 6 ~ )  
T=400K 
where T i s  in)uTI. R e s u l t s  c a l c u l a t e d  u s i n g  
equa t ions  (18 )  a r e  shown i n  f i g .  7. As can be 
seen, f o r  TS 100pm t he  e m i s s i v i t y  i s  g r e a t e r  
than .8. The e m i s s i v i t y  reaches  a inaxiinum o f  
.96 f o r  T=300K and a inaxirnum o f  .92 f o r  T=4001C 
because a;i has been assumed t o  be zero  f o r k 5  
5pm and h z 5Opm. 
5. Conc lus ion  
Us ing  a new f a c i l i t y ,  l a r g e  ( w i d t h ,  W=23.5 cm, 
l e n g t h ,  LC3.5m) sheet  f l o w s  have been i n v e s -  
t i g a t e d .  A n a l y t i c a l  r e s u l t s  t h a t  n e g l e c t  
g r a v i t y  p r e d i c t  L/W * fi, where We i s  t h e  
Weber number. The exper imen td l  va lues  f o r  
L/W a r e  l a r g e r  than  those  p r e d i c t e d  a n a l y t -  
i c a l l y .  However, more exper imen ta l  d a t a  i s  
r e q u i r e d  f o r  a comple te  comparison. 
T o t a l  hemispher i ca l  e m i s s i v i t y  f o r  Dow-Corning 
705 s i l i c o n e  o i l  was c a l c u l a t e d  u s i n g  e x p e r i -  
mental  s p e c t r a l  t rans in i  t t a n c e  d a t a .  R e s u l t s  
show t h a t  E >.8 f o r  sheet  t h i cknesses ,  ~ ~ 1 0 O p  
i n  t h e  tempera ture  range 3 0 0 6  T I 4 0 0 K .  
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( a )  TOP VIEW OF SHEET FLOW. 
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(b) CROSS SECTION OF SHEET FLOW. 
FIGURE 1. - SHEMATIC OF LIQUID SHEET FLOW. 
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FIGURE 2. - SCHEMATIC OF EXPERIMENTAL FACILITY.  
T = iosvm. Ih = 3.44 
L A  = 9.6 , w0= l l . l m / s ~ c  
FIGURE 4.  - SHEET FLOW F R O I  A 3.4 CM WIDE S L I T .  
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FIGURE 3. - TYPICAL S L I T  R A T E  FOR PRODUCING SHEET FLOW. 
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FIGURE 5 .  - SHEET FLOU L A  SCALING. 
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( b )  APPROXIMATION FOR ah  FROM TRANSMISSION DATA. 
FIGURE 6.  - TRANSlllSSlON DATA FOR DOW-CORNING 705 OIL FROM REF. 7 
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FIGURE 7. - EMISSIVITY OF DOW-CORNING 705 SHEET. 
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